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INTRODUCTION
Automotive manufacturers have achieved a significant reduction in the aerodynamic drag of passenger cars over the last twenty years. This has been done largely through the optimisation of upper body shape and refinement of the vehicle underside. Although this trend on passenger cars has slowed during the last few years it has been only recently that a similar effort has been applied to SUVs and larger 4 x 4s. A continued reduction in the aerodynamic drag of these vehicles will be necessary if they are to meet the increasingly stringent exhaust emission targets that are being set by almost all developed nations and the fuel economy expectations of most customers. This applies in particular for carbon dioxide output which is seen as a major contributor to the problem of global warming.
Carbon dioxide output is directly related to fuel consumption. As the drive cycle over which fuel economy is measured predominantly simulates urban usage aerodynamic drag reduction appears to have less influence than powertrain efficiency or weight reduction for improving fuel consumption. Aerodynamic drag remains an important element in vehicle design, however, because reduction is achievable at relatively low cost. Fuel consumption is determined from vehicles which are run on a dynamometer where the resistance values have been generated from road load data. The vehicle aerodynamicist must, therefore, ensure that any drag reductions can be realistically achieved on the road and not just in the wind tunnel.
It is traditional for vehicle aerodynamic drag development to be carried out in a wind tunnel, which provides a controlled and repeatable environment for testing. In a conventional full-scale aerodynamic wind tunnel test the true boundary conditions at the ground surface are not satisfied. The boundary layer, which develops on a fixed floor, is unrepresentative of ground conditions experienced on the road. In addition the wheels do not rotate influencing airflow through the wheel arches, and the aerodynamic energy losses due to wheel rotation are not determined, Le Good (1) .
Improved simulation of road conditions was initially attempted in many full-scale automotive wind tunnels by incorporating systems that would reduce the ground plane boundary layer. Some full-scale wind tunnels have installed moving ground and rotating wheel systems. A wide belt was installed in the floor of the DNW wind tunnel (2) and demonstrated the need for better simulation, but the requirement to modify the test vehicle so that it could be mounted on a tail sting was a costly limitation. Pininfarina (3) subsequently pioneered the narrow belt technique where a belt is installed in the turntable and operates between the wheels of the test car. Rotation of the wheels is generated by mounting them on small rollers outboard of the belt. Similar installations are now operational in both Audi and IVK wind tunnels.
As these advanced techniques are not universally available to the automotive aerodynamicist there remains a need to understand the limitations of conventional wind tunnel testing with a fixed floor, and to ensure that the partial simulation of the true boundary conditions afforded by the narrow belt system is realistic. The only way this can be done is to measure the aerodynamic drag in the real world, ie on the road, and to compare it with wind tunnel data. Buckley (4), Le Good et al (5) , and Walter et al (6) have used advanced coastdown techniques to derive aerodynamic drag data from 'on road' testing. The technique appears to have sufficient resolution and repeatability to enable correlation between wind tunnel and track derived data.
All the coastdown testing referenced above concerned passenger cars and there is only limited published data on other road vehicles. Earlier exceptions are the coastdown tests carried out on full size trucks by Buckley (7) and on a 4x4 by Eaker (8) . At Land Rover, as a manufacturer of off-road vehicles, it was felt that there was a need to perform similar tests on an SUV. Coastdown tests were therefore carried out on the Freelander compact SUV, in various configurations, and the drag data derived on-road compared with results obtained from the MIRA Full Scale Wind Tunnel. This facility was used in the aerodynamic development of Freelander. 
TEST VEHICLE AND CONFIGURATIONS
The test vehicle used in this investigation was a preproduction 3 door Land Rover Freelander, in European specification, as shown in Figure 1 The baseline configuration for these tests had the standard 3-door 'Hard top' fitted. In this configuration two further modifications were tested; first, large triangular section spoilers were added to the rear pillars, and second, vertical strakes were mounted to the outer edges of the bonnet and extending from the A-pillars to the bonnet leading edge. For configuration 4 the 'Hard top' was removed providing a vehicle in 'Open top' mode and for the configuration 5 the standard 'Soft top' was fitted. Throughout all tests the standard roof rails and cross bar arrangement was fitted and the spare wheel remained mounted to the tailgate. All the configurations tested are shown in Figure 2 .
The basic aerodynamic characteristics at zero yaw are given in Table 1 for the baseline configuration set up to the EADE test standard (ie 3-up), and as tested with two occupants, test equipment, and the boom with anemometer mounted to the front bumper. Fitting the boom and anemometer alone to the front of the test vehicle increased the drag coefficient by 0.006. A small reduction in drag coefficient (∆C D = 0.001) was noted for the small change of attitude. Copyright © 2002 SAE International. This paper is posted on this site with permission from SAE International, and is for viewing only. Further distribution and use of this paper is not permitted without permission from SAE. 
Vehicle Test

WIND TUNNEL TESTING
Wind tunnel tests were conducted in the MIRA full-scale wind tunnel. This facility has a closed working section and open return. The tunnel has a working section which is 15.2 m long and the cross-sectional area is 34.9 m². For the Freelander test vehicle which has a frontal area of 2.55m² the solid blockage is 7.3%.
The wheels of the test vehicle are positioned on small rectangular pads, 0.25 m square, which are adjustable for track and wheelbase, and are flush with the tunnel floor. The plates are connected to a six-component underfloor balance. The nominal wind tunnel test speed is 27m/s (100k/h).
No boundary layer control system is employed in the standard vehicle test procedure at the MIRA wind tunnel, the displacement thickness being 17mm on the tunnel floor at the balance. All the measured data is corrected for blockage and horizontal buoyancy. See Results section.
In the wind tunnel the vehicle is restrained using the transmission, hand brake and foot-brake, and was ballasted to achieve the same static ride height conditions as measured for the coastdown tests.
For all configurations tested in the wind tunnel the boom and anemometer, standard roof bars and cross rail arrangement were fitted, and the spare wheel remained mounted to the tailgate. The overall effect of fitting the boom and anemometer to the vehicle was to increase the drag coefficient by 0.006.
The drag data as measured in the wind tunnel is presented in Figure 3 for each configuration as a function of yaw angle. Zero yaw drag is given below in Table 2 for the five configurations. Most configurations demonstrate an approximate symmetry about the zero yaw axis, except for the open back configuration, where a marked asymmetry exists. The reasons for this are not understood but may be associated with the exposure of the tailgate mounted spare wheel, which is positioned off-centre. The effect of symmetry or otherwise on the coastdown data is discussed later. 
BACKGROUND TO COASTDOWN METHOD
The coastdown method is an established technique of determining the components of drag acting on a vehicle in its normal operating environment. The test consists of accelerating the vehicle up to the maximum speed of interest, shifting into neutral and allowing the vehicle to freely decelerate. The technique used here is an advanced coastdown technique employing on-board anemometers to continuously measure the ambient conditions. This allows the accurate separation of the contributions to the drag.
The equation of motion for a vehicle travelling in a straight line is a straightforward application of Newton's second law.
During the coastdown test the tractive effort is zero, as the vehicle is in neutral, and when possible the tests are conducted on a level track (i.e. α = 0), so the gravitational term is zero. The resistive force is therefore proportional to the acceleration. The inertia (M e )
includes an allowance for those components rotating during the coastdown as well as the basic vehicle mass. This includes the wheels, half shafts and part of the final drive and gearbox, though in practice only the inertia of the wheels makes a significant contribution. Defining the form of the resistive force function presents one of the main difficulties in correctly analysing the coastdown data and different models may be applied for different vehicle types. The model used for this analysis is given in equation 2.
The unknowns shown in bold typeface are determined during the analysis of the coastdown data. The form taken by the aerodynamic drag function
Equation 2 also shows that for a full and accurate analysis of the coastdown it is necessary to continuously measure vehicle speed, airspeed and yaw angle.
represents the losses associated with the driveline and un-driven wheels and these were measured separately in an experiment in the laboratory.
A detailed description of the coastdown method and the analysis of the acquired data is given in (9).
THE COASTDOWN TESTS -The tests were conducted on the Twin Horizontal Straights at the MIRA Proving Ground, in the UK. The tracks are one mile long and level. The following test procedure was carried out to ensure maximum repeatability.
Prior to all tests, the vehicle was weighed, the tyre pressures were set to the equivalent of 1.93bar at 20°C and the vehicle static trim heights were measured. From cold, the vehicle was run on the test track at a steady speed of 22 m/s (80km/h) for approximately 20 minutes to condition the tyres and oil temperature.
At a starting speed of approximately 120km/h each coastdown run typically took 70 -80 seconds to complete. By the end of each test run the vehicle speed had reduced to between 20km/h and 40km/h. 20 test runs (10 in each direction) were carried out for each aerodynamic configuration. The runs were grouped together in pairs (i.e. 1 in each direction) for the purpose of anemometer calibration.
At the end of each series of tests the static trim heights were re-measured, to ensure vehicle consistency. Also the vehicle was re-weighed for use in the analysis. A linear reduction of weight (due to fuel usage) with distance travelled was assumed. Dynamic trim heights were not measured. INSTRUMENTATION -For the track tests, the vehicle was instrumented to measure road speed, airspeed and yaw angle. This instrumentation was also fitted throughout the wind tunnel tests to ensure that the aerodynamic configurations were identical in each test method.
Airspeed and aerodynamic yaw angle measurements were made by means of a combined propeller and vane anemometer mounted on a boom extending 1.5m from the front of the vehicle, as shown in Figure 1 . The anemometer centreline was positioned at the vehicle mid-height, as recommended in SAE J2263 (10) . Three adjustable stays from the vehicle front end minimise boom movement during the coastdown tests. The vehicle speed was measured using the antilock wheel speed sensors.
Using an onboard computer, with proprietary data acquisition software, continuous measurements of airspeed, yaw angle and vehicle speed were sampled throughout the deceleration phase of the test. Prior to sampling, (at 5 Hz), the data was filtered using a 0.8 Hz corner frequency low pass anti-aliusing filter. The transmission oil temperature was also recorded during the test phase and was obtained from a thermocouple fitted via the sump drain plug. This allowed an accurate correction to be made for the driveline losses, based on laboratory measurements.
DRIVELINE LOSS MEASUREMENT -The drive-line losses were determined in the laboratory by performing a coastdown on the drivetrain alone, while supporting the vehicle with the wheels clear of the ground and the suspension configured to reproduce the on road trim heights. The road wheels are replaced with bolt-on steel flywheels; 0.7m diameter and 13mm thick. These provide a relatively large, known, inertia and reduce the aerodynamic component that would arise from using road wheels (1). The coastdown is conducted from an appropriate upper speed, and the wheel angular speed and driveline temperature monitored. The test is then repeated a number of times to acquire data over the range of oil temperatures encountered during the trackbased coastdowns. For the 4x4 vehicle used here the downhill descent control feature was disabled and the speed of all four wheels measured. There was negligible difference, however, between the speed of the wheels during the coasting phase.
The data is analysed by averaging the four wheel speeds and differentiating to yield torque against angular speed using the known inertias, and thereby drag as a function of vehicle speed. A regression of all the data over the range of driveline temperatures is then performed to determine the coefficients and temperature correction factor in the driveline model.
COASTDOWN ANALYSIS -The coefficients in the coastdown equation described are determined by fitting the mathematical model to the measured speed data using an optimisation routine to minimise the cost function (sum of errors squared) F(x), where x is the estimate of the coefficients. The cost is calculated by integrating the coastdown equation using the measured wind and other ambient conditions to generate a simulated coastdown. This is compared to the measured speed data in a least squares error sense. 
By varying the values of the coefficients in the vector x, the optimisation routine converges to a minimum of the cost to give the best estimate of the coefficients. This method of extracting the coefficients directly from the measured speed data avoids the need to differentiate measured data.The data is normally sampled at 5 Hz, but the cost is calculated using overlapping bands of duration 3 seconds. This has the effect of reducing the influence of measurement noise.
RESULTS AND DISCUSSION
The coastdown tests were conducted twice for all configurations in two series of tests, carried out by different operators (one pair from Loughborough University and a different pair from Rover Group), and separated in time by almost a year. The drag coefficients derived from these tests are compared with wind tunnel data obtained from the MIRA full scale wind tunnel in Figure 4 and Table 3 . The open and solid symbols, refer to tests carried out by Rover and Loughborough respectively. The first set of results were consistently lower than the second, with a mean difference of -0.006 in drag coefficient. Only in the highest drag configuration does the absolute difference exceed 0.01. The cause of this systematic difference is not fully understood but is thought to be associated with the anemometer calibration method. The baseline 3-door hardtop configuration was also tested twice, as an initial and final test configuration, in both sets of tests. The drag coefficients from these four coastdown tests range from 0.407 to 0.416. This spread of data and the small differences between the two sets of results is a measure of the robustness of the technique.
The wind tunnel data is corrected using two different techniques. In the standard MIRA blockage correction, which is based on flow continuity, the only parameter is the ratio of vehicle frontal area to working section area. This gives drag coefficients which are consistently lower than those measured in the coastdown tests. The volume based correction method derived by Mercker (11) is considered to be more representative of the physics involved, and always gives lower correction values than the MIRA standard method, resulting in higher drag coefficients. With this correction the wind tunnel data is consistently higher than the track derived measurements. The difference in drag coefficient between the two correction methods is between 0.026 and 0.030. For both correction methods the slopes of the mean lines comparing tunnel and coastdown data are almost identical.
A similar comparison between the MIRA wind tunnel and road derived drag data for a saloon car, Le Good et.al (1) also found that the coastdown data fell between wind tunnel data corrected by the two different methods, as used here. It would be simple to conclude that a better correction method would lie somewhere between the two techniques. Unfortunately this does not take into account the poor simulation of the relative ground motion between car and road, the lack of wheel rotation, and the ground plane boundary layer growth in the conventional wind tunnel test. Aerodynamic drag measurements derived from the coastdown test include a windage loss from the wheel rotation. These are clearly not present in the case of fixed ground tests, and even some moving belt configurations do not provide a direct measure of the total resistance arising from rotating wheels.
In these tests shape changes were confined to the upper body surfaces. Earlier results by Le Good et al. (1) have shown that, under these circumstances, incremental drag coefficients obtained from coastdown testing tend to agree with wind tunnel measurements. When changes are made to the underfloor or to the front spoiler, however, differences can arise.
It is interesting to note that the variation in drag coefficient arising from alternative correction methods exceeds the variation from on-road measurements. A similar comment can be made regarding the variation in drag measurements from different wind tunnels, as found from correlation studies conducted with a range of vehicle types using most of the European automotive wind tunnels, as reported by Mercker and Wiedemann (12) , and Wickern (13) . These tests were carried out by members of the EADE group, representing the Aerodynamics departments of most European manufacturers. The variation in drag coefficient between wind tunnels can exceed 0.020. Both papers suggested correction methods to reduce the variability.
There is considerable variation between different automotive wind tunnels and from alternative correction methods. The coastdown technique for measuring drag coefficients on-road may be used to improve correction methods for specific facilities, and, by implication, reduce the variation between different facilities. Some of the uncertainty that exists regarding which wind tunnel is correct can be reduced, but not fully resolved, by comparison with on-road drag data. This was proposed by Walter et al (6) , but was also implicit in the earlier studies by Le Good et al (1) . Similarly, alternative ground simulation methods may also be validated by comparison with coastdown derived data.
In contrast with the data presented here, coastdown drag measurements reported by Walter et al (6) were found to be consistently lower than those obtained in the Lockheed wind tunnel. The tunnel data was corrected using both continuity and pressure signature methods. In this study comparability between MIRA and Lockheed wind tunnels was assumed based on correlation studies carried out in the early 1980's. This correlation may no longer be valid so conclusions based on it are flawed, but the suggestion that differences in the coastdown analysis methods may be significant is valid.
The principal features of this analysis which differ from reference (6) (b) The data is filtered during data acquisition, but no data rejection algorithm or subsequent smoothing of the data is applied, other than to calculate the cost function using overlapping 3 second data segments. (c) Tyre drag is represented by the simple expression, (A + Bv), as shown in equation 2. Higher order terms for items (a) and (c) were used in (6).
The current coastdown method assumes a parabolic relationship between drag and yaw angle as shown in equation 3. The constant, Kd, is determined from the coastdown data. An example result is shown in Figure 5 for the baseline configuration, where four sets of data were obtained. The results are compared with the wind tunnel data at yaw corrected by both continuity (MIRA) and Mercker methods. Though it is clear that this representation generates the zero yaw angle drag coefficient with reasonable consistency, the values of Kd vary considerably, and it is not able to capture more complex variations with yaw angle, and in particular any asymmetry in the wind tunnel data. The range of yaw angles considered in the coastdown data is limited by the ambient wind conditiions at the time of the test. The yaw data shown includes 90% of that obtained. The larger yaw angles are only generated at low vehicle speeds where aerodynamic loads are low and the impact on deceleration small. Accuracy of the drag data at these higher yaw angles is therefore suspect, and the useful yaw range is considerably less than that shown in Figure 5 , and is, probably, only a few degrees either side of the mean. In spite of these limitations the similarity between the trends in the coastdown and wind tunnel data for drag at yaw is encouraging.
Some improvement to the coastdown technique may be possible if the drag variation with yaw as measured in the wind tunnel is prescribed, including asymmetry, Figure 5 . Comparison of drag data at yaw obtained in the wind tunnel while keeping the zero yaw drag as a variable. A 4 th order curve fit is shown in Figure 5 . Figure 3 , however, shows that the drag rise with yaw and the magnitude of any asymmetry varies with configuration. Initial studies involving more complex forms of the relationship between drag coefficient and yaw angle have produced highly variable results, but this investigation will be continued by performing a series of coastdown tests in various wind conditions, and by looking at the data reduction algorithms. The inclusion of data rejection techniques and digital filtering will be considered.
A comparison of the different data reduction techniques, as suggested in reference (6) would be valuable, and may be considered for future study.
CONCLUSIONS
Full scale testing of a compact SUV, in a range of configurations, have been carried out in the MIRA wind tunnel and on the MIRA test track. The conclusions apply to these specific facilities.
Drag coefficients measured on-road using the coastdown technique, by different operators at different times under different conditions, are very similar and demonstrates the robustness of the technique.
For the range of configurations tested a good correlation between the wind tunnel and on-road Aerodynamic drag data at zero yaw is established.
It is noted that for the vehicle configurations tested here, the C D against yaw angle characteristic is not well represented by the parabolic function generally employed in the coastdown method. The use of alternative function to represent higher order effects and asymmetry may yield benefits.
The variation in wind tunnel measurements of drag coefficient due to different commonly applied correction methods are considerably larger than the spread of drag data derived on-road. Different wind tunnels generate a range of drag values for a given test vehicle. This variation can also be larger than the spread of drag data derived in the on-road tests reported here.
Potential differences in on-road data may arise from alternative coastdown analysis methods, but this has not been addressed.
The coastdown technique for measurement of drag coefficients on-road may be used to improve understanding of the differences between facilities, but it cannot fully resolve them. It may demonstrate the effectiveness of alternative ground simulation strategies. Copyright © 2002 SAE International. This paper is posted on this site with permission from SAE International, and is for viewing only. Further distribution and use of this paper is not permitted without permission from SAE. 
